We used atomic force microscopy ͑AFM͒ to study the fundamentals of chemical mechanical polishing ͑CMP͒ of copper oxidized in an aqueous solution of 5 wt % peroxide and 1 wt % of glycine at varying pH levels. An AFM tip was used to mimic a single abrasive silica particle typical of those used in CMP slurry. AFM scanning removes the surface layer in different rates depending on the depth of removal and the pH of the solution. Oxide removal happens considerably faster than the CMP copper removal. The friction forces acting between the AFM tip and surface during the polishing process were measured. The correlation between those forces and the removal rate is discussed. Chemical mechanical polishing ͑CMP͒ of copper is of great interest for microelectronics.
that AFM can be used to study CMP of aluminum.
We show here that the AFM technique can be used to study copper CMP under various conditions. Furthermore, to improve modeling, it is useful to study the mechanical/physical part of CMP separately from the chemical aspects. By applying the slurry chemicals to the copper surface for some period of time and then removing the oxidizing agent from the slurry, we can study the mechanical action of the abrasives on the oxide layer separately from the chemical action. An AFM tip of radius of ϳ50 nm was used to mimic a single abrasive silica particle of the slurry stuck to the polishing pad. During AFM scanning, the ''particle-like'' tip moves over the surface being polished with a relatively high load force. This induces ''scratching'' the surface akin to the CMP process. The AFM is used for both scratching while operating with a high load force and imaging while scanning with a small load force.
One big advantage of using the AFM tip as an abrasive silica particle is that we can measure forces acting between the particle-tip and the surface being polished. Here we report measurement of the friction force while scratching and polishing. Correlation between these forces and the removal rate is discussed.
Experimental
A Nanoscope IIIa Dimension 3100 AFM by Digital Instruments was used in this study. Standard integrated silicon nitride NP-S V-shaped AFM tips by Digital Instruments were utilized for the AFM scratching, ''polishing.'' Nanoprobe RTESP7 silicon rectangular cantilever tips were used for measurement of friction forces. Spring constants of both types of cantilevers were measured as described elsewhere. [17] [18] [19] Friction coefficients were measured as described, e.g., in Ref. [20] [21] [22] . Specifically, the friction force was measured against five to eight different load forces. The friction coefficient was calculated as the averaged ratio of the friction force to the total vertical force, which included the load force and the force of adhesion.
Copper wafers were prepared commercially by Silicon International in the following way. Silicon 6 in. wafers were covered with a 25 nm tantalum film. Then pure copper film ͑99.99% pure͒, 1500 nm thick, was deposited by physical vapor deposition ͑PVD͒. The wafers were used as received. Original roughness was ca. 3-4 nm. Slurry solution used for copper oxidation was prepared as aqueous solutions of 5 wt % peroxide ͑Pfaltz & Bauer͒ and 1 wt % of glycine ͑J.T. Baker͒ in different pH of 3, 4, 5, 8, and 8.4. The pH was adjusted with aqueous solutions of HCl and KOH both of 0.01 mol/L ionic strength. Oxidation of the copper wafer was done by placing ϳ2 to 3 cm diam droplet of the slurry solution on the copper surface for 10 or 15 min. The AFM scanning/scratching was done with no oxidizing agents, and took place in aqueous solutions of HCl and KOH of 0.01 mol/L mixed to maintain the same pH as in the slurry solution. Small residual oxidation due to the presence of the pH adjusting chemicals is small, and measured in a control experiment as described in section on Results and Discussion.
The AFM scratching was done over a 2 ϫ 2 m area with a load force of ca. 20-30 nN ͑set point on the AFM photodiode is 5-6 V for a narrow 200 m cantilever͒. This is about the estimated force for a single abrasive particle during CMP. 23 ͑This force can also be estimated as a result of pressure of the order of 10 psi spread over particles of slurry that contain 5% abrasives.͒ The AFM imaging was done with the set point 1.5 V. Possible wearing of the AFM tip was controlled by inverse scanning of an ultrasharp silicon grating TGT01 by MikroMasch, Inc. This scanning gives the tip image. The reported results were collected only for the cases when the tip wear was negligible. Time of polishing was calculated as follows. During scanning, each line along the surface was scratched twice, e.g., right and left by the AFM tip for some period of time ͑fast scanning direction͒. After each fast scan, the tip moves slowly in the perpendicular direction ͑slow scanning direction͒. The amount of each shift of the tip in the slow direction was determined by the AFM software and was equal to the linear size of the scan divided by 256. So, the actual polishing time for each line on the surface ͑in the fast scanning direction͒ was less than the total scanning time of the entire square region. The polishing time used here was calculated as the time of scratching of each line of the surface by the AFM tip. For example, a 60 nm radius tip produced a contact about the same size. One scan of a 2 ϫ 2 m area with 10 Hz fast scan speed took about 25 s. However, each line was scratched for the time of scan decreased by a factor of 2 ϫ 60 nm/2 m, which gives 6 s for the scratching time. Such a polishing time is more convenient for comparison with the CMP data than just the tip-sample contact time introduced in Ref. 24 . 
Results and Discussion
Solutions of peroxide and glycine in pH of 3, 4, 5, 8, and 8.4, freshly prepared as described above were used to oxidize the copper wafer surface. Optical microscopy of the surface layer after oxidizing reveals mostly reddish film with green zones. The green spots were lower than the reddish areas by ϳ50 nm as measured by AFM. Furthermore, measurement of friction showed no detectable difference on either area. It seems that it is the same material having different color due to light interference on films of different thicknesses. Nevertheless, to avoid ambiguity, we have done measurements on the reddish part in all experiments reported here.
After 10-15 min oxidation ͑time was the same for all pH values in each series of experiments͒, the oxidizing solutions were washed away with deionized ͑DI͒ water, and then substituted with aqueous solutions of HCl and KOH mixed in proportion to keep the same pH as before. The AFM scratching was done in this solution. An example of copper CMP produced by AFM scratching is shown in Figure 2b shows the rate of depth growth, i.e., the removal rate. The average depth was calculated using roughness analysis provided by the Nanoscope IIIa software. The error bars presented in the graphics are the rootmean-square ͑rms͒ values of the height variations inside the trench. The depth decreases monotonically with the increase of pH. The same behavior takes place for the removal rate. Moreover, the removal rate is highest in the beginning and it decreases as the scratching progresses. The trench depth for pH 3 was measured unambiguously only after 18 s of scratching. The reason for that was that the oxidized surface was much more corrugated for pH 3 than for other pH values. This left almost no accurate way to measure the removal rate until it reached a considerable depth of the trench ͑ca. 56 nm after 18 s͒.
To investigate the longtime behavior of the removal rate, we studied the removal of the surface layer at an area of 2 ϫ 2 m for pH 4, 5, and 8 for as long as 100 s. Depth of removal observed in this case is shown in Fig. 3 . One can see that after 30-50 s the depth stops increasing. Absence of a clear plateau in the graphics can be explained by the AFM tip moving the debris of the scratching back and forth. This debris can change the depth of the trench. Observed decrease in the removal rate means that the AFM tip reached material that is harder to remove. Presumably it can be the surface of untreated copper. It is confirmed by control experiments in which we did not do any oxidation of the copper surface but did scratching of the untreated copper immersed in an aqueous solution of the corresponding pH. In those experiments the trench was formed within ϳ10 s, the depth of which ranged from 9 Ϯ 4 nm ͑for pH 3͒ and 4 Ϯ 3 nm ͑for pH 8.4͒. No further growth of the trench was observed. These depths are considerably lower than those shown in It is interesting to compare these data with the observed removal rates in the actual copper CMP process. Because the sizes and forces between the slurry particle and the AFM tip are of the same order ͑for the pad-wafer pressure ϳ5 psi, size of particle ϳ50 nm), we could hope to compare the removal rates directly. However, the speed of motion of the abrasive particle can be as high as the CMP pad speed, which is of the order of 50 cm/s. The AFM tip moves with speed ca. 30 m/s. For these values of CMP pressure and speed, the well-known approximation of the Preston equation 25 is valid. This means that the removal rate is proportional to the speed of polishing. So, to obtain the value of the mechanical removal of the oxide layer in the real CMP process, the AFM removal rate can be changed proportionally to the increase of the polishing speed. For example, of pH 4, when the AFM scratching induces the rate of removal of 75-290 nm/min ͑Fig. 2b͒, it is scaled to 1300-4800 m/ min for the real CMP speeds. The removal rate of the copper CMP for various pH in the slurry considered here was measured in Ref. 26 . For pH 4, the observed removal rate was ca. 450 nm/min. To compare with the AFM removal rate, one must evaluate the measured CMP removal rate per single abrasive particle. Because the concentration of the abrasive particles is of the order of a few percent, one can estimate the removal rate per particle to be about two orders of magnitude larger than the observed CMP rate, i.e., ca. 45 m/min for pH 4. Here we do not take into account pure chemical dissolution, which can only decrease the part removed by the abrasives. So, this estimation of the removal rate per abrasive particle gives somewhat higher values than can be in reality if we consider the chemical dissolution. Even this high estimation is still much smaller than the scaled AFM removal rate. In the CMP process the abrasive particles can roll over the surface, not necessarily stick to the pad and scratch the surface. This depends on the interaction between the particle and pad, and will be studied in future work. This effect can bring some effective increase to the CMP removal rate per ͑nonrolling͒ particle. However, it is unlikely that such an increase can result in the high removal rates of the oxide layer as estimated by AFM.
The same comparison is done for other pH values, and presented in Table I . One can see that for all the pH values studied, the scaled AFM removal rates are much higher than the estimations per single abrasive particle in copper CMP. Despite these calculations being merely estimation, such a large difference in the removal rates leads to a conclusion that the abrasive particle can remove the oxide layer at a much higher rate than the actual CMP removal rate. So, one can conclude that the abrasives serve mainly to expose the copper surface to the slurry chemicals by removing the oxide layer rapidly, and the limiting factor is likely the chemical oxidation of the copper surface.
This brings the following model for the copper CMP. The originally corrugated/patterned copper surface is oxidized while immersed in the slurry solution. A fast rotating pad and the abrasive particles touch and remove the oxide layer from the top areas of the corrugated/patterned copper surface, because these areas are touched by the pad first. Because the rate of removal of the oxide layer is much higher then the actual CMP removal rate, the rate of oxidation must be much slower that the rate of oxide layer removal. If we are dealing with polishing rather than etching, the exposed pure copper is oxidized faster than the areas passivated by the oxide layer. If the area is still high, the oxide layer is removed again, and the process repeats until the high area disappears, i.e., is polished away. This results in faster dissolution of higher areas than the lower ones, i.e., in the planarization. The picture presented above was first suggested in Ref. 27 . So, one result of this study is the first direct quantitative confirmation of that idea.
Let us now discuss the forces acting between the AFM tip and surface being polished. The advantage of AFM is in its ability to measure such forces in situ while polishing and scratching. Because it is plausible to expect direct correlation between the removal rate and the force of friction between the AFM tip and surface, we measure the friction force. Such measurements were done on the copper surface treated as before, and then immersed in the aqueous solution of the corresponding pH. Friction loops 20 were captured in 10-20 different points on the surface. At each point the loops were measured for a range of load forces. To exclude a possible contribution of topology into the measuring lateral force, each point was chosen as a relatively flat area of at least 200 ϫ 200 nm. The calculated friction coefficient was averaged over those measurements and is presented in Fig. 4 . The error bars represent the rms of the calculated friction coefficients. The values of the friction coefficient are somewhat higher than for a typical material. This may be explained by the measurements being done with the vertical forces typical for the scratching, i.e., wearing. Wearing usually leads to increase of friction, see, e.g., Ref. 20 .
As one sees from Fig. 4 , the friction coefficient decreases as pH grows from 4 to 8, which confirms the hypothesis that the removal rate directly correlates with the friction. However, the friction coefficient increases while the pH changes from 3 to 4. This happens even though the removal rate seems to be higher for pH 3, Fig. 2a . Presumably, pH 3 is a special case. As mentioned above, the removal rate for pH 3 was measured unambiguously only after 18 s of scratching because of the high surface roughness. Nevertheless, the friction-removal rate dependence is highly nonlinear. To analyze this dependence further, these data must be used in an appropriate model. 
Conclusion
The AFM technique was used to study fundamentals of CMP of copper. Oxidation of the copper surface was done in aqueous solutions of 5 wt % peroxide and 1 wt % of glycine at different pH of 3, 4, 5, 8, and 8.4. An AFM tip of radius of ϳ50 nm was used to mimic a single abrasive silica particle of slurry. During the AFM scanning, such a silica particle moves over the surface being polished with a load force of 10-30 nN, which is about the estimated force for a single abrasive particle during CMP. Such scanning removes the surface layer at different rates. This rate is lower for higher pH, and for longer polishing times. The pH dependence of the observed removal rates is consistent with CMP results reported previously. Comparing the obtained AFM removal rates of the oxide layer with the CMP experimental rates, we conclude that the oxide removal happens considerably faster then the actual CMP copper removal. This suggests a model for the copper CMP, in which an originally corrugated copper surface is planarized by fast oxide removal from the tops of the oxidized copper surface by the abrasive particles stuck to the polishing pad. The exposed top copper areas oxidized further and scratched away by the abrasive again. This process repeats itself until no tops on the copper surface remain, i.e., planarization is complete.
The AFM technique was also used to monitor forces acting between the slurry particle and surface while being polished. The friction forces acting between the AFM tip and the surface being polished were measured. With the exception of pH 3, the smaller friction coefficient corresponds to a slower removal rate. However, quantitatively the friction-removal rate dependence is highly nonlinear.
